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Edited by Ivan SadowskiAbstract A complete understanding of protein and RNA struc-
tures and their interactions is important for determining the
binding sites in protein–RNA complexes. Computational ap-
proaches exist for identifying secondary structural elements in
proteins from atomic coordinates. However, similar methods
have not been developed for RNA, due in part to the very limited
structural data so far available. We have developed a set of algo-
rithms for extracting and visualizing secondary and tertiary
structures of RNA and for analyzing protein–RNA complexes.
These algorithms have been implemented in a web-based pro-
gram called PRI-Modeler (protein–RNA interaction modeler).
Given one or more protein data bank ﬁles of protein–RNA com-
plexes, PRI-Modeler analyzes the conformation of the RNA,
calculates the hydrogen bond (H bond) and van der Waals inter-
actions between amino acids and nucleotides, extracts secondary
and tertiary RNA structure elements, and identiﬁes the patterns
of interactions between the proteins and RNAs. This paper pre-
sents PRI-Modeler and its application to the hydrogen bond and
van der Waals interactions in the most representative set of pro-
tein–RNA complexes. The analysis reveals several interesting
interaction patterns at various levels. The information provided
by PRI-Modeler should prove useful for determining the binding
sites in protein–RNA complexes. PRI-Modeler is accessible at
http://wilab.inha.ac.kr/primodeler/, and supplementary materials
are available in the analysis results section at http://wilab.
inha.ac.kr/primodeler/.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
Keywords: Protein–RNA interaction; Hydrogen bond;
van der Waals interaction; Visualization of RNA structure1. Introduction
Most of the currently known structures of molecules were
determined by X-ray crystallography or nuclear magnetic res-
onance (NMR). These methods generate a large amount of
structure data consisting mostly of the three-dimensional coor-
dinates of the atoms, even for a small molecule. The coordinate
values at the atomic level provide useful information for ana-
lyzing molecular structures, but structure elements at higher
levels are also required for a complete understanding of struc-
tures and, in particular, for predicting structures. There exist*Corresponding author. Fax: +82 32 863 4386.
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doi:10.1016/j.febslet.2007.03.085computational approaches for assigning secondary structural
elements to proteins from their atomic coordinates [1], but sim-
ilar methods have not been developed for RNA, due to the
very small amount of structure data so far available for
RNA. Therefore, extracting secondary or tertiary structural
elements of RNA requires a substantial amount of manual
work. As the number of three-dimensional structures of
RNA molecules is increasing, we need a more systematic and
automated method for extracting the structural elements of
RNA.
We have developed a set of algorithms and a web-based
program called PRI-Modeler (http://wilab.inha.ac.kr/primo-
deler/), which recognizes the secondary and tertiary structures
of RNA, and analyzes the hydrogen bond and van der Waals
interactions between protein and RNA from the three-dimen-
sional atomic coordinates of protein–RNA complexes in the
protein data bank [2]. PRI-Modeler identiﬁes base pairs and
classiﬁes base pairs into 28 types [3] to extract secondary and
tertiary structures. The secondary and tertiary structures de-
rived from the base pairs are then presented for scrutiny.
One advantage of PRI-Modeler is that it can analyze multiple
PDB ﬁles at once and provides the analysis report on protein–
RNA interactions in all the PDB ﬁles analyzed. To our knowl-
edge this is the ﬁrst attempt to extract RNA structural
elements from the atomic coordinates in structure databases.
Although PRI-Modeler is designed for analyzing RNA struc-
tures in protein–RNA complexes, it can also be used for
analyzing the interactions between DNA and protein in pro-
tein–DNA complexes.2. Materials and methods
2.1. Base pairs and base-pair rules
An RNA nucleotide consists of a sugar molecule, a molecule of
phosphoric acid, and a base. A base pair is formed when one base is
paired with another base by hydrogen bonds (H bonds). Base pairs
can be classiﬁed into canonical base pairs (Watson–Crick base pairs)
and non-canonical base pairs. We consider base pairs of 28 types, com-
prising both canonical and non-canonical base pairs [3]. Supplemen-
tary Fig. 1 shows two base pairs.
A base consists of a ﬁxed number of atoms (see Supplementary
Fig. 1) that provide important clues for extracting base pairs and clas-
sifying them. Base pairs are formed by hydrogen bonding between the
atoms of bases. For example, the canonical A–U pair has two H bonds
between the Nl of adenine (A) and the N3 of uracil (U), and between
the N6 of A and the O4 of U. Thus, we can establish deﬁnite rules for
H bonding between ﬁxed atoms, which we call base-pair rules. We ex-
tract the base pairs formed by H bonds, and classify the base pairs into
28 types using the base-pair rules. The base-pair rules are also used for
extracting secondary and tertiary structural elements of RNA.blished by Elsevier B.V. All rights reserved.
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The number of H bonds between amino acids and nucleotides in
protein–RNA complexes was calculated using CLEAN, a program
for tidying Brookhaven ﬁles, and HBPLUS version 3.15 [4], a program
to calculate the number of H bonds. The positions of hydrogen atoms
(H) were inferred from the surrounding atoms since hydrogen atoms
are invisible in purely X-ray-derived structures. H bonds were identi-
ﬁed by ﬁnding all proximal atom pairs between H bond donors (D)
and acceptors (A) that satisfy the following geometric criteria: contacts
with D–A distance <3.35 A˚, H–A distance <2.7 A˚, and both D–H–A
and H–A–AA angles P 90, where AA is an acceptor antecedent.
All protein–RNA bonds were extracted from the HBPLUS output
ﬁles.
The criteria considered for the van der Waals interactions were: con-
tacts with D–A distance in the range 3.35–3.9 A˚, H–A distance 67 A˚,
and both D–H–A and H–A–AA angles P 90. The interactions that
were classiﬁed as H bonds are not included in the van der Waals inter-
actions. The criteria for the H bonds are similar to those used in the
study by Jones et al. [5], but are slightly diﬀerent from those used in
the study of Treger and Westhof [8]. Our criteria for the H bonds
are more stringent than those in the study of Allers and Shamoo [15].
2.3. Dataset of protein–RNA complexes
The protein–RNA complex structures were obtained from the pro-
tein data bank (PDB) [2]. Complexes determined by X-ray crystallog-
raphy with a resolution of 3.0 A˚ or better were selected. As of August
2006, there were 479 protein–RNA complexes in PDB and the number
of complexes with a resolution of 3.0 A˚ or better was 250. We used
PSI-BLAST [6] for a similarity search on each of the protein and
RNA sequences in these 250 protein–RNA complexes in order to elim-
inate equivalent amino acids or nucleotides in homologous protein or
RNA structures. Forty-ﬁve of the protein–RNA complexes remained
as representative, non-homologous complexes after running the PSI-
BLAST program with an E value of 0.001 and an identity value of
90% or below. Thus the ﬁnal dataset consisted of 45 protein–RNA
complexes (Table 1).
2.4. Secondary structure elements
The secondary structures of proteins are assigned using the DSSP
program [1]. The secondary structure data of a protein are needed to
generate the interaction patterns between the protein and RNA at
the secondary structure level. Given the atomic coordinates of a pro-
tein in the PDB format, DSSP deﬁnes its secondary structure elements,
geometrical features and solvent exposure. The secondary structure
elements deﬁned by DSSP are classiﬁed into four types: helix (a-helix,
3/10 helix and p-helix), sheet (b-ladder and b-bridge), turn (hydrogen-
bonded turn), and other (bend and other structures). The RNA–RNA
interactions extracted from the HBPLUS output are used to assign a
secondary structure to each nucleotide.
We consider two types of RNA secondary structure elements: paired
and unpaired. If at least one H bond exists between the base parts of
two nucleotides, these nucleotides are considered to be paired. If not,
they are considered to be unpaired. Two nucleotides with canonical
base pairs, wobble base pairs, and all non-canonical pairs reported
by Nagaswamy et al. [7] are classiﬁed as paired nucleotides.
2.5. Classiﬁcation of amino acids and nucleotide atoms
An amino acid can exhibit various properties, and so can be classi-
ﬁed into two or more categories. We classiﬁed the amino acids into six
diﬀerent types based on their physico-chemical properties (http://
www.russell.embl-heidelberg.de/aas/aas.html): hydrophobic (Val, Ile,
Leu, Met, Phe, Trp, and Cys), polar (Arg, Asp, Asn, Glu, Gln, andTable 1
The list of 45 protein–RNA complexes in the dataset
PDB IDs
1A9N 1AQ3 1ASY 1B7F 1B23
1E7K 1EC6 1EUY 1F7U 1F8V
1I6U 1JBR 1JID 1K8W 1M8Y
1SI3 1TFW 1TTT 1WSU 1XOK
2BGG 2BTE 2BX2 2F8K 2FMTLys), aromatic (His, Phe, Trp, and Tyr), aliphatic (Ala, Pro, Ile,
Leu, and Val), positively charged (Arg and Lys) and negatively
charged (Glu and Asp).
The atoms of nucleotides are conventionally grouped into three
parts [8]. We consider that atoms C1*, C2*, C3*, C4*, C5*, O2*, and
O4* belong to the ribose, and atoms P, O1P, O2P, O3P, O3*, and
O5* to the phosphate. The remaining atoms belong to the bases.
2.6. Interaction propensity
Counting the number of H bonds does not yield precise interaction
propensities because it does not take into account the number of resi-
dues in the complex and on the surface of the complex. For example,
amino acid A may have a weak interaction propensity even though it is
involved in many H bonds or occurs very frequently. Therefore, we
employ a function for determining interaction propensity. It is based
on the function employed by Moodie et al. [9], but has been modiﬁed
to generate the interaction propensity of every combination of amino
acids and nucleotides on the surface of a complex. Amino acids are
considered to be on the surface if their relative accessibility exceeds
5% according to the Naccess program [10].
The interaction propensity Pab between amino acid a and nucleotide
b is deﬁned by Eq. (1), where Nab is the number of amino acids a
hydrogen bonded to nucleotide b,
P
Nij is the total number of amino
acids hydrogen bonded to any nucleotide, Na is the number of amino
acids a,
P
Ni is the total number of amino acids, Nb is the number of
nucleotides b,
P
Nj is the total number of nucleotides, and the numbers
refer to residues on the surface. The numerator Nab/
P
Nij represents
the ratio of the co-occurrences of amino acid a binding with nucleotide
b to the total number of amino acids binding to any nucleotide on the
surface. The term Na/
P
Ni in the denominator represents the ratio of
the frequency of amino acid a to that of all amino acids on the surface,
and the second term Nb/
P
Nj represents the ratio of the frequency of
nucleotide b to that of all nucleotides on the surface
Pab ¼
NabP
Nij
Na NbP
Ni 
P
Nj
ð1Þ
It should be noted that the interaction propensity of Eq. (1) is calcu-
lated as the proportion of a particular amino acid binding to a partic-
ular nucleotide on the surface divided by the proportion of each on the
surface. Therefore, the propensity value represents the frequency of co-
occurrence of amino acids and nucleotides in protein–RNA complexes
for each combination of amino acid and nucleotide. A propensity
greater than 1 indicates that co-occurrence of the given amino acid
and nucleotide is high, whereas a propensity less than 1 indicates that
cooccurrence of the given amino acid and nucleotide is low on the sur-
face.
2.7. Algorithm
PRI-Modeler consists of a set of algorithms. Fig. 1 shows the frame-
work for extracting the information about the secondary and tertiary
structures of RNA. We use HBPLUS [4] to get all H bonds in a
PDB ﬁle. Algorithm 1 extracts the RNA sequence data from a PDB ﬁle
and records it in RNA-SEQ.
Algorithm 2 extracts only H bonds between a base of a nucleotide
and a base from the H bonds obtained by HBPLUS. These H bonds
between pairs of bases are recorded in a Base–Base List, and classiﬁed
into the 28 types. The atoms of a base are numbered, and H bonds are
formed between ﬁxed atoms for each base pair. These atom numbers
are used when determining base pairs. The H bond data in the Base–
Base List are analyzed by Algorithm 2, and the base pairs extracted
are recorded in the Base-Pair List with their types.1C9S 1DFU 1DI2 1DK1 1DUL
1FFY 1G59 1H3E 1H4Q 1HC8
1MJI 1MZP 1R3E 1RC7 1RPU
1YTY 1YVP 2ASB 2AZ0 2B3J
Fig. 1. Framework for extracting base pairs of 28 types and secondary and tertiary structure elements of RNA from PDB ﬁles.
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rithm 1 with the base-pair data. During this process the algorithm ana-
lyzes all the nucleotides of the RNA in RNA-SEQ and matches the
nucleotides in the Base-Pair List to the nucleotides in RNA-SEQ to
ﬁnd the H-bonding relation of each nucleotide. The ﬁnal output of
the three algorithms is the secondary and tertiary structure elements
of the RNA in the protein–RNA complex. The algorithms are outlined
below.
Algorithm 1
Given a PDB file P
for all atoms a in P do
if a is nucleotide of RNA then
RNA-SEQ = RNA-SEQ [ a
end if
end for
Algorithm 2
Given H bond data in H bonds
for all H-bonds b in H bonds do
if b is an B-bond between RNA nucleotides then
b is bb
if bb is an H bond between bases then
Base-Base-List = Base-Base-List [ bb
end if
end if
end for
Let H bonds between bases in the Base-Base-List bb-
bonds
for all bb-bond in Base-Base-List do
if a base-pair is constructed by the bb-bond then
Base-Pair-List = Base-Pair-List [ bb-bond
end if
end for
Algorithm 3
for all nucleotide n in RNA-SEQ do
for all bp-bond in the Base Pair Lists do
if n is assigned bp-bond then
paired nucleotide = n [ bp-bond
else
unpaired nucleotide = n
end if
RNA-structure-List = RNA-structure-
List [ Paired nucleotide [ unpaired nucleotide
end for
end for
PRI-Modeler also derives the three-dimensional coordinates of a
nucleotide by averaging the coordinate values of all the atoms that
make up the nucleotide. The three dimensional coordinates of thenucleotides are integrated with the structure elements of RNA to visu-
alize the structure.3. Results
3.1. Implementation of PRI-Modeler
PRI-Modeler was developed using Microsoft Visual C#, and
is executable within a web browser on any PC with Windows
2000/XP/Me/98/NT 4.0 as its operating system. Given one or
more PDB ﬁles as input, PRI-Modeler produces several ﬁles
containing H bonds and van der Waals interactions between
amino acids and nucleotides, secondary and tertiary structures
of RNA, and interaction patterns of protein–RNA complexes.
It also visualizes the RNA structures extracted from protein–
RNA complexes with H bonds and van der Waals interactions
highlighted. PRI-Modeler is accessible at http://wilab.in-
ha.ac.kr/primodeler/default.htm, and the supplementary mate-
rial is available in the analysis results section at http://
wilab.inha.ac.kr/protein_RNA/.
Fig. 2 shows an exemplary user interface of PRI-Modeler. It
consists of 20 menu buttons and one text panel. When the user
speciﬁes the types of interaction to analyze using the menu but-
tons (such as H bonding interactions and van der Waals inter-
actions), PRI-Modeler analyzes the speciﬁed interactions and
displays the results in the text panel. The remainder of this pa-
per presents the results of an analysis of the 45 protein–RNA
complexes referred in Section 2.
3.2. Extraction of secondary and tertiary RNA structures
PRI-Modeler can extract structure elements formed by mul-
tiple chains. Fig. 3A depicts an RNA structure formed by four
RNA chains, together with the H bonds between the nucleo-
tides, extracted from a protein–RNA complex (PDB ID:
1FEU). Each node represents a nucleotide, and the blue lines
and red dotted lines represent RNA backbones and H bonds
between nucleotides, respectively. The nucleotides are num-
bered at intervals of 5 nucleotides. One can rotate the structure
as well as zoom in/out to get a clear perspective view.
Since PRI-Modeler uses base pair information to identify
secondary and tertiary RNA structures, it can also easily re-
trieve base triplets. A base triplet is a tertiary RNA interaction
Fig. 2. User interface of PRI-Modeler for analyzing the interactions between protein and RNA.
Fig. 3. (A) RNA structure with four chains, extracted from a protein–RNA complex (PDB ID: 1FEU) with H bonds in red dotted lines. (B) RNA
structure (PDB ID: 1EHZ) obtained by PRI-Modeler. The yellow nodes connected by red dotted lines and cyan nodes connected by red dotted lines
are base-triplets.
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example, in the C–G–G base triplet, the G–C pair is a second-
ary interaction involving a canonical pair, and the G–G pair is
a tertiary interaction involving a purine–purine pair (see Sup-
plementary Fig. 2 for the base triplet structure). The base trip-
lets U–A–A and C–G–G shown in Fig. 3B were extracted by
PRI-Modeler from the structure of yeast phenylalanine tRNA(PDB ID: 1EHZ), and agree with those found experimentally
[12].
Programs like RASMOL (http://www.umass.edu/microbio/
rasmol/) and MOLSCRIPT [13] can generate a drawing of
the structure of a molecule from the three-dimensional coordi-
nates of its atoms. However with such programs one cannot
easily obtain information about each nucleotide in the RNA,
K. Han, C. Nepal / FEBS Letters 581 (2007) 1881–1890 1885or the bonds between nucleotides, because these programs rep-
resent molecular structures at the atomic level. PRI-Modeler
uses the three-dimensional coordinates of nucleotides to gener-
ate stereoscopic images of the secondary and tertiary structures
of RNA. Furthermore, it derives the conﬁguration of a given
RNA molecule as well as the bonding relations and types of
base pairing between nucleotides.Table 2
Hydrogen bonds between amino acids and nucleotides and the interaction p
Amino acids Frequency Nucleotides
A C G U
Glu 3390 13 22 51 6
Lys 2866 54 70 71 41
Arg 2728 67 99 131 86
Leu 2270 5 8 0 3
Gly 2096 9 16 19 6
Asp 1960 10 14 40 16
Thr 1838 20 18 32 29
Ala 1764 2 9 6 10
Val 1688 1 3 0 0
Ser 1640 32 33 24 13
Pro 1628 4 3 2 0
Asn 1416 21 16 30 36
Gln 1290 16 28 32 22
lle 1206 10 2 0 5
Tyr 1122 9 23 4 21
Phe 1032 0 0 21 3
His 870 6 12 9 3
Met 474 2 2 4 0
Trp 382 0 4 1 1
Cys 172 1 0 0 0
Total 31832 282 382 477 301
Average IP
Table 3
van der Waals interactions between amino acids and nucleotides and the int
Amino acids Frequency Nucleotides
A C G U
Glu 3390 5 10 12 5
Lys 2866 16 28 19 32
Arg 2728 32 71 78 63
Leu 2270 1 3 1 1
Gly 2096 4 10 14 11
Asp 1960 4 5 5 3
Thr 1838 17 16 18 4
Ala 1764 1 3 2 1
Val 1688 0 0 0 1
Ser 1640 38 17 6 8
Pro 1628 0 4 0 1
Asn 1416 9 9 31 11
Gln 1290 8 11 15 7
Ile 1206 1 1 0 0
Tyr 1122 4 22 7 6
Phe 1032 3 0 3 1
His 870 1 6 11 0
Met 474 2 2 1 1
Trp 382 0 4 0 1
Cys 172 1 1 4 0
Total 31832 147 223 227 157
Average IP3.3. Amino acids in contact with RNA
An amino acid is considered to interact with RNA if an
atom of the amino acid interacts with an atom of the RNA.
Tables 2 and 3 show H bonding and van der Waals interac-
tions, respectively. There are a total of 1442 H bonds and
754 van der Waals contacts between amino acids and
nucleotides. The amino acids in the ﬁrst column are sorted inropensity
Interaction propensity (IP) Average IP
Total A C G U
92 0.42 0.45 1.14 0.20 0.55
236 2.06 1.69 1.88 1.66 1.82
383 2.69 2.51 3.64 3.67 3.12
16 0.24 0.24 0.00 0.15 0.15
50 0.47 0.53 0.68 0.33 0.50
80 0.77 0.49 1.54 0.95 0.93
99 1.19 0.68 1.32 1.83 1.25
27 0.12 0.35 0.25 0.66 0.34
4 0.06 0.12 0.00 0.00 0.04
102 2.13 1.40 1.11 0.92 1.39
9 0.27 0.12 0.09 0.00 0.12
103 1.62 0.78 1.60 2.96 1.74
98 1.35 1.50 1.88 1.98 1.67
17 0.91 0.11 0.00 0.48 0.37
57 0.88 1.42 0.27 2.18 1.18
24 0.00 0.00 1.54 0.34 0.47
30 0.75 0.95 0.78 0.40 0.72
8 0.46 0.29 0.64 0.00 0.34
6 0.00 0.72 0.20 0.30 0.30
1 0.63 0.00 0.00 0.00 0.15
1442
0.85 0.71 0.92 0.95
eraction propensity
Interaction propensity (IP) Average
Total A C G U
32 0.30 0.39 0.51 0.32 0.38
95 1.17 1.30 0.96 2.48 1.47
244 2.45 3.45 4.14 5.14 3.79
6 0.09 0.17 0.06 0.10 0.10
39 0.40 0.63 0.97 1.17 0.79
17 0.42 0.33 0.37 0.34 0.36
55 1.93 1.15 1.42 0.48 1.24
7 0.11 0.22 0.16 0.12 0.15
1 0.00 0.00 0.00 0.19 0.04
69 4.85 1.37 0.53 1.08 1.95
5 0.00 0.32 0.00 0.13 0.11
60 1.33 0.84 3.17 1.73 1.76
41 1.30 1.13 1.68 1.20 1.32
2 0.17 0.11 0.00 0.00 0.07
39 0.74 2.60 0.90 1.19 1.35
7 0.61 0.00 0.42 0.21 0.31
18 0.24 0.91 1.83 0.00 0.74
6 0.88 0.56 0.30 0.47 0.55
5 0.00 1.39 0.00 0.58 0.49
6 1.21 0.77 3.37 0.00 1.33
754
0.91 0.88 1.03 0.84
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guanine (G) and uracil (U) form 282, 382, 477 and 301 H
bonds, respectively. A, C, G and U form 147, 223, 227 and
157 van der Waals interactions, respectively. Interestingly, in
both the H bonding and van der Waals interactions, arginine
(Arg) shows the highest interaction propensity, and valine
(Val) shows the lowest interaction propensity. The high inter-
action propensity of Arg can be explained by its unique capac-
ity to form multiple H bonds and to bind to multiple
nucleotides simultaneously.
Amino acids are more diverse than nucleotides, with H
bonding interaction propensities in the range [0.04–3.12], and
van der Waals interaction propensities in the range [0.04–
3.79]. In contrast, nucleotides have H bonding interaction pro-
pensities in the range [0.71–0.95], and van der Waals interac-
tion propensities in the range [0.84–1.03]. This indicates that
amino acids are more distinguishable by their interaction pro-
pensities than are nucleotides. Amino acids have a main chain
in common, and nucleotides have a backbone in common. In
proteins, both H bonding and van der Waals interactions are
more frequent in the side chains (average 75%) than in the
main chains (average 25%) (Table 4). Amino acids, in which
side chain contacts predominate, naturally have more diverse
interaction propensities than nucleotides. In contrast, in
RNA, the interactions observed in the backbone (on average
67% of all interactions) exceed those in the bases (33%) (TableTable 4
H bonds and van der Waals interactions in the main chains and side chains
Amino acids H bonds
Main chain Side chain Tot
Arg 41 342 38
Lys 53 183 23
Ser 18 84 10
Thr 28 71 9
Glu 12 80 9
Asp 17 63 8
Tyr 12 45 5
Gln 7 91 9
Asn 22 81 10
Gly 50 0 5
His 10 20 3
Ala 27 0 2
Pro 9 0
lle 17 0 1
Leu 16 0 1
Val 4 0
Met 5 3
Trp 3 3
Cys 1 0
Phe 24 0 2
Total 376 1066 144
Table 5
H bonds and van der Waals interactions in the bases, phosphates and sugar
H bonds
A C G U Tota
Base 108 115 215 126 564
Phosphate 87 139 122 100 448
Sugar 87 128 140 75 430
Total 282 382 477 301 14425). The backbone part of a nucleotide has more atoms, includ-
ing electronegative atoms, than the base part, which makes the
backbone more favorable for interacting with amino acids
than the base.
Among amino acids Arg has the highest H bonding interac-
tion propensity value of 3.12, and Val has the smallest value of
0.04 (Table 2). Arg has a large side chain with many electro-
negative atoms, and displays diverse interaction patterns. It
forms a large number of H bonds and van der Waals interac-
tions with all nucleotides. Arg–G forms the largest number of
H bonds (131 H bonds), whereas Arg–U has the highest pro-
pensity value of 3.67. Among nucleotides uracil has the highest
H bonding interaction propensity value of 0.95 and cytosine
the lowest of 0.71. Guanine, the most frequent nucleotide in
H bonding interactions with amino acids, forms 477 H bonds
(33% of the total 1442 H bonds). Guanine prefers Arg, Lys,
and Glu, cytosine prefers Arg, Lys, and Ser, adenine prefers
Arg, Lys and Ser, and uracil prefers Arg, Lys and Asn.
In van der Waals interactions, most hydrophobic residues
(Val, Ile, Leu, Met, Phe and Trp) have low average interaction
propensities, and many polar residues (Arg, Asn, Gln, and
Lys) have high average interaction propensities (Table 3). Sev-
eral amino acids show a strong preference for speciﬁc nucleo-
tides with which they form stable van der Waals interactions.
Arg has the largest number (244) of van der Waals interactions
with nucleotides, and the highest average propensity of 3.79.of amino acids
van der Waals interactions
al Main chain Side chain Total
3 10 234 244
6 12 83 95
2 17 52 69
9 17 38 55
2 9 23 32
0 8 9 17
7 7 32 39
8 3 38 41
3 9 51 60
0 39 0 39
0 2 16 18
7 7 0 7
9 5 0 5
7 2 0 2
6 6 0 6
4 1 0 1
8 4 2 6
6 1 4 5
1 1 5 6
4 7 0 7
2 167 587 754
s of nucleotides
van der Waals interactions
l A C G U Total
23 37 68 37 165
28 65 50 30 173
96 121 109 90 416
147 223 227 157 754
K. Han, C. Nepal / FEBS Letters 581 (2007) 1881–1890 1887Lys, Asn, Thr, Ser and Gln are also frequently-bonding amino
acids. The frequent nucleotide-amino acid pairs in van der
Waals interactions are A (Ser, Arg, Lys), C (Arg, Lys, Tyr),
G (Arg, Asn, Lys) and U (Arg, Lys, Gly and Asn). Arg–G pair
has the largest number of van der Waals interactions (78),
whereas Arg–U pair has the highest interaction propensity of
5.14. Val has the lowest average interaction propensity of
0.04. The van der Waals interaction propensities of nucleotides
range from 0.84 (uracil) to 1.03 (guanine).
3.4. Interactions of the main chains and side chains of proteins
Table 4 presents an analysis of H bonds and van der Waals
interactions formed by the main chains and side chains of pro-
teins. The main chains have 376 H bonds and side chains have
1066 H bonds. Evidently the side chains have more H bonds
(74%) than the main chains (26%). The aliphatic amino acids
(Ala, Pro, He, Leu, and Val) have no side chains, and therefore
no side chainHbonds, whereas they form 19%of themain chain
Hbonds (73 out of 376).Gly has a large number ofmain chainH
bonds, but has no side chain H bond. Some aromatic amino
acids (His and Tyr) prefer side chain H bonds to main chain H
bonds. The charged and polar amino acids (Arg, Lys, Asn,
Glu, Gin, Asp) have more side chain interactions than main
chain interactions in both H bonds and van derWaals contacts.
78% (587 out of 754) of the van der Waals interactions were
observed in side chains and 22% (167 out of 754) in main
chains (Table 4). All aliphatic amino acids (Ala, Pro, Ile,
Leu, and Val) and many hydrophobic amino acids (Val, Ile,
Leu, Met, and Phe) had more van der Waals interactions in
main chains than in side chains. Many charged and polar ami-
no acids (Arg, Asn, Gln, and Lys) had a strong preference for
side chains, and most van der Waals interactions were ob-
served in the side chains of polar amino acids.
Each nucleotide is composed of a base and a backbone, and
the backbone consists of a phosphate and a sugar. As shown
in Table 5, the bases, phosphates and sugars of nucleotides form
564, 448 and 430 H bonds, respectively. Hence, the backbone
parts of nucleotides form a total of 878 (448 + 430) H bonds
(61%). The largest number of H bonds in the base part and
the backbone part is observed in guanine (215 H bonds in base)
and cytosine (139 + 128 = 267 H bonds in backbone), respec-
tively. In van der Waals interactions, the base part of guanine
and the backbone part of cytosine are prominent (Table 5). In
both H bonding and van der Waals interactions, the backbone
parts of nucleotides have more interactions than the base parts.
3.5. Protein–RNA interactions at the secondary structure level
PRI-Modeler analyzes the protein–RNA complexes to iden-
tify the interaction patterns at the secondary structure level.Table 6
H bonds and van der Waals interactions between protein and RNA at the s
H bonds
A C G U Tota
P NP P NP P NP P NP
Helix 38 52 83 57 129 65 55 56 535
Sheet 38 68 32 30 36 83 21 59 367
Turn 11 22 34 26 42 12 23 9 179
Others 18 35 48 72 51 59 33 45 361
Total 105 177 197 185 258 219 132 169 1442The secondary structure elements of RNA are of two types,
i.e., paired (P) and unpaired (NP), while the secondary struc-
ture elements of proteins are of four types, i.e., helix, sheet,
turn and others. Although Treger and Westhof [8] do not con-
sider the turns of protein, turns constitute 12% of H bonds and
11% of van der Waals interactions (Table 6), and we consider
them to be secondary structure elements of proteins. Table 6
shows the H bonds and van der Waals interactions at the sec-
ondary structure level of proteins and RNAs. Helices, forming
37% of the total H bonds, are the most interacting secondary
structures and turns are the least interacting.
Table 7 shows H bonds at the secondary structure level of
RNA. In H bond interactions, Asp and Glu show a strong ten-
dency to interact with unpaired nucleotides, while in van der
Waals interactions, Arg shows a tendency to interact with un-
paired nucleotides. As shown in Table 8, the backbone part of
a nucleotide has more interactions with protein than the base
part both in H bonding and van der Waals interactions. In
both H bonding interactions and van der Waals interactions,
the base part of unpaired nucleotides is preferred to that of
paired nucleotides. In van der Waals interactions, unpaired
nucleotides are preferred to paired nucleotides.3.6. Protein–RNA interactions at the atomic level
Both the atoms N and O of amino acids are found in most
amino acids, and are involved in 26% of H bonding interac-
tions and 22% of van der Waals interactions (Supplementary
Tables 1 and 6). However, either N or O (but not both) is
not involved in the H bonding interactions of Cys, Tip and
Val, and in the van der Waals interactions of Cys, His and
Ile. Diﬀerent amino acids have diﬀerent groups of atoms in-
volved in the interactions with RNA nucleotides. For example,
the NH2 and NH1 of Arg form 169 and 123 H bonds, respec-
tively, representing 76% of the total H bonds with nucleotides
formed by Arg (Supplementary Table 1). Similarly, the atoms
NH2 and NH1 of Arg form 120 and 83 van der Waals interac-
tions with nucleotides, representing 83% of the total van der
Waals interactions with nucleotides formed by Arg (Supple-
mentary Table 6). The groups ND2, OD1, NE2, OE2, NZ,
OG, OG1 and OH are responsible for most of the H bonding
interactions in Asn, Asp, Gln, Glu, Lys, Ser, Thr, and Tyr,
respectively, while the groups ND2, NE2, NZ,OG, OG1 and
OH are responsible for most of the van der Waals interactions
in Asn, Gln, Lys, Ser, Thr and Tyr, respectively. Groups OE1
and OE2 of Glu are involved in both H bonding and van der
Waals interactions. In both H bonding and van der Waals
interactions, same atoms in each amino acid (Asn-ND2, Gln-
NE2, Lys-NZ, Ser-OG, and Tyr-OH) are responsible for mostecondary structure level of protein
van der Waals interactions
l A C G U Total
P NP P NP P NP P NP
18 22 33 46 43 61 11 39 273
14 28 15 24 19 22 2 51 175
3 14 16 14 13 7 4 14 85
7 41 29 46 33 29 5 31 221
42 105 93 130 108 119 22 135 754
Table 7
H bonds and van der Waals interactions between protein and RNA at the secondary structure level of RNA
H bonds van der Waals interactions
A C G U Total A C G U Total
P NP P NP P NP P NP P NP P NP P NP P NP
Ala 0 2 1 8 5 1 4 6 27 0 1 1 2 0 2 0 1 7
Arg 24 43 57 42 67 64 37 49 383 8 24 20 51 43 35 7 56 244
Asn 13 8 11 5 28 2 15 21 103 2 7 4 5 9 22 3 8 60
Asp 2 8 5 9 11 29 4 12 80 0 4 4 1 0 5 1 2 17
Cys 0 1 0 0 0 0 0 0 1 1 0 1 0 3 1 0 0 6
Gln 6 10 16 12 23 9 8 14 98 1 7 6 5 8 7 0 7 41
Glu 6 7 7 15 19 32 0 6 92 1 4 1 9 5 7 0 5 32
Gly 5 4 9 7 16 3 3 3 50 2 2 5 5 10 4 4 7 39
His 4 2 6 6 9 0 0 3 30 1 0 3 3 5 6 0 0 18
lle 0 10 2 0 0 0 0 5 17 0 1 1 0 0 0 0 0 2
Leu 0 5 2 6 0 0 0 3 16 0 1 3 0 1 0 0 1 6
Lys 15 39 43 27 44 27 24 17 236 7 9 11 17 11 8 1 31 95
Met 0 2 2 0 2 2 0 0 8 0 2 1 1 0 1 0 1 6
Phe 0 0 0 0 0 21 0 3 24 0 3 0 0 1 2 0 1 7
Pro 0 4 1 2 2 0 0 0 9 0 0 4 0 0 0 0 1 5
Ser 17 15 11 22 20 4 7 6 102 13 25 12 5 3 3 3 5 69
Thr 11 9 6 12 11 21 23 6 99 4 13 4 12 9 9 0 4 55
Trp 0 0 4 0 1 0 1 0 6 0 0 2 2 0 0 1 0 5
Tyr 1 8 12 11 0 4 6 15 57 2 2 10 12 0 7 2 4 39
Val 1 0 2 1 0 0 0 0 4 0 0 0 0 0 0 1 0 1
Total 105 177 197 185 258 219 132 169 1442 42 105 93 130 108 119 22 135 754
Amino acids are listed in the alphabetical order.
Table 8
H bonds and van der Waals interactions in the base and backbone parts of nucleotides
H bonds van der Waals interactions
A C G U Total A C G U Total
P/NP P NP P NP P NP P NP P NP P NP P NP P NP
Base 22 86 19 96 77 138 29 97 564 6 17 8 29 32 36 4 33 165
Backbone 83 91 178 89 181 81 103 72 878 36 88 85 101 76 83 18 102 589
Total 105 177 197 185 258 219 132 169 1442 42 105 93 130 108 119 22 135 754
1888 K. Han, C. Nepal / FEBS Letters 581 (2007) 1881–1890interactions of the amino acid. Details are shown in Supple-
mentary Tables 1 and 6.
Likewise, diﬀerent nucleotides use diﬀerent atoms for their
H bonding and van der Waals interactions with amino acids.
Some atoms are prominent in all interactions while others par-
ticipate in some interactions only or in no interaction at all.
The atom O2* is involved in 22% of H bonds formed by nucle-
otides, which is similar to the 21% reported by Nadassy et al.
[14]. However, O2* is involved in 26% of the van der Waals
interactions in our study, which is slightly greater than 21%
in Nadassy et al. [14]. The atoms O2*, N1, N6, O1P and
O2P of adenine constitute 87% of the H bonds formed by ade-
nine (Supplementary Table 2). On the other hand, the atoms
O2, O2*, and O1P of cytosine (Supplementary Table 3), O2*,
N2, O6, O1P and O2P of guanine (Supplementary Table 4),
and O2* O4, O1P, and O2P of uracil constitute the majority
of the H bonds (Supplementary Table 5). Similarly in the case
of van der Waals contacts, the atoms A (O2*, O3*, O1P, O2P),
C (O2*, O3*, O1P, O2P), G (O2*, O3*, O1P, O6) and U (O2*,
O3*, O1P, O4*) are responsible for the majority of interactions
with amino acids (Supplementary Tables 7–10). Both in H
bonding and van der Waals interactions, O2*, O1P and O2P
of nucleotides are the preferred atoms.4. Discussion and comparison with other studies
Here we compare our results with previous works by Jones
et al. [5], Allers and Shamoo [15] and Treger and Westhof
[8]. Direct comparison of our analysis with these studies was
not easy because (1) all these used diﬀerent criteria from each
other for hydrogen bond and van der Waals interaction, (2)
they analyzed diﬀerent datasets, and (3) they used slightly dif-
ferent interaction propensity functions, if any.
Our criteria for the H bonds and van der Waals interactions
are similar to those used in the study by Jones et al. [5]. Our
analysis shows similar results to these studies in some aspects,
but does not fully agree with them. The diﬀerences are caused
by the diﬀerences in the criteria for H bond and van der Waals
interactions, datasets and the interaction propensity functions.
While our interaction propensity function yields the binding
propensity of an amino acid for each of the nucleotides, Jones’
function does not distinguish between the diﬀerent nucleotides
binding to an amino acid. Their propensity values range from
0.2 to 1.7, whereas ours range from 0 to 3.67 in H bonds and
from 0 to 5.14 in van der Waals interactions. In Jones’ study,
H bonds and van der Waals contacts constitute 8% and 92% of
interactions, respectively. In Treger and Weshtof’s study H
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Waals contacts constitute 72%, whereas in our study H bonds
constitute 65% and van der Waals contacts 35% of the total
interactions. Table 9 summarizes the comparisons, and more
details are stated below.
In our analysis the residues most preferred in H bonding
interactions are Arg, Lys, Asn and Ser (in decreasing order
of preferences), and the least preferred residues are Cys, Val,
Trp, and Met. In Jones’ analysis the most preferred residues
are Arg, Asn, Thr, Tyr and Lys, and the least preferred are
Cys, Ile, Met, Phe and Pro. In our analysis the residues most
preferred in van der Waals interactions are Arg, Lys, Ser
and Asn. In Jones’ analysis the most preferred residues in
van der Waals interactions are Arg, Tyr, Phe, Asn and Thr.
In our analysis, as in that of Jones et al., guanine is the most
preferred nucleotide. The frequent pairs of H bonding in our
analysis are A (Arg, Lys, Ser), C (Arg, Lys, Ser), A (Arg,
Lys, Glu), and A (Arg, Lys, Asn), whereas the frequent pairs
in Jones’ analysis are A (Ser, Phe), C (Asp, Tyr), G (Trp,
Gly), and U (Asn, Glu). While our analysis shows that the
backbone part is preferred for both H bonding and van der
Waals interactions, Jones’ data indicate no preference between
the base and backbone. However in both our analysis andTable 9
Comparison with other studies on protein–RNA interactions
Our study
Hydrogen bonds (H)
Proportion of H bonds in the study 65%
Frequent amino acids Arg, Lys, Asn, Ser
Rare amino acids Cys, Val, Trp, Met
Frequent nucleotide–amino acid pairs A (Arg, Lys, Ser)
C (Arg, Lys, Ser)
G (Arg, Lys, Glu)
U (Arg, Lys, Asn)
Nucleotides in the order of preference G, C, U, A
Frequent protein atoms NH1, NH2, NE2, NZ,
ND2, N, O, OG, OG1
OH, OE2,, OD1,
Frequent RNA atoms A(O2*,O1P, O2P, N1),
C(O2,O2*,O1P),
G(O2*,O6, N2, O1P, O2P),
U(O2*, O4, O1P, O2P)
Ratio of the base to backbone interaction 0.64
Main chain interaction 26%
Side chain interaction 74%
van der Waals interactions (W)
Proportion of W bonds in the study 35%
Frequent amino acids Arg, Lys, Ser, Asn
Rare amino acids Val, lle, Pro, Trp
Frequent nucleotide–amino acid pairs A(Ser, Arg, Thr)
C (Arg, Lys, Tyr)
G (Arg, Asn, Lys)
U (Arg, Lys, Asn)
Nucleotides in the order of preference G, C, U, A
Frequent protein atoms N, ND2, NE2, NH1,
NZ, NH2, O, OG1 , OG, OH
Frequent RNA atoms A(O2*, O3*, O1P, O2P),
C(O2*, O3*, O1P, O2P),
G(O2*, O6, O3*, O1P),
U(O2, O4, N3)
Ratio of the base to backbone interaction 0.28
Main chain interaction 22%
Side chain interaction 78%
An entry with the ‘–’ symbol indicates the data are not available.theirs, side chains are more prominent than main chains in
H bonding and van der Waals interactions, and the sheet struc-
tures prefer to bind with unpaired RNA nucleotides.
In the analysis of Allers and Shamoo [15], the atoms Nl and
N6 constitute 73% of the total H bonds formed by adenine,
whereas they make up only 19% in our study (54 out of a total
of 282 H bonds formed by adenine). The atoms O2*, Nl, N6,
O1P and O2P are responsible for most H bonding interactions
formed by adenine in our study (Supplementary Table 2). In
Allers and Shamoo’s study, the atoms O2, N3, and N4 are
the most frequent interacting atoms of cytosine, whereas they
are O2* and O1P in our analysis (Supplementary Table 3). The
O6 of guanine constitutes 41% of H bonds in Allers and Sha-
moo’s analysis, whereas it forms only 13% (61 out of total of
477 H bonds Supplementary Table 4) in our analysis. In guan-
ine, O2* is the most prominent in H bonding interactions with
amino acids, followed by N2, O1P, O6 and O1P in our study.
In addition, the atoms O2, N3, and O4 of uracil, the most
interacting in Allers and Shamoo’s analysis, diﬀer from the
atoms O4, O1P and O2* of uracil in our analysis (Supplemen-
tary Table 5). In our analysis, the atoms O2P, O2 and N3 of
uracil are also frequent in H bonding interactions with amino
acids. In general, the atoms O2*, O1P and O2P of eachJones et al. [5] Allers and
Shamoo [15]
Treger and
Westhof [8]
8% – 23%
Arg, Asn, Thr, Tyr Arg, Asn, Ser Arg, Asn, Ser, Lys
Cys, lle, Met, Phe Cys, Met, Phe Ala, lle, Leu, Val
A (Ser, Phe) A (Arg, Ser) A (lle , Pro, Ser)
C (Asp, Tyr) C (Gln, Ser) C (Leu),
G (Trp, Gly) G (Arg, Glu) G (Asp, Gly)
U (Asn, Glu). U (Asn) U (Asn)
G, U, C, A G, C, A, U No preference
– – NH, OH, O, OXT
O2* A(N1,N6) 02*, G(O6), G(N2)
C (O2, N3, N4)
G(O6)
U (O2, N3, O4)
1.0 0.72 1.1
– – 26%
– – 74%
92% – 72%
Arg, Tyr, Phe, Asn, Thr – Arg, Asn
Cys, His, Pro, Ala – –
– – –
G, U, A, C – –
– –
O2* – O2*
1.41 – 1.0
– – –
– – –
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our study, whereas these atoms are not signiﬁcant in Allers and
Shamoo’s analysis. On the other hand, the interacting fre-
quency of O2* in our study is quite similar with that in the
studies by Treger and Weshtof [8] and Nadassy et al. [14].
The atoms O2*, O1P, and O2P are responsible for 53% of H
bonding interactions in our analysis (Supplementary Tables
2–5).
Similarly in van der Waals interactions, the atoms O2*, O1P
and O2P are the most prominent in all nucleotides, constitut-
ing 49% of the total van der Waals interactions (Supplemen-
tary Tables 7–10). In addition to these atoms, each
nucleotide has its own preferred atoms, A (O3*), C (O3*,
O2), G (O3*, O6) and U (O3*, O2) in van der Waals interac-
tions.
In Treger and Weshtof’s analysis [8], the preferred residues
in H bonding interactions are Arg, Asn, Ser and Lys. In our
analysis, Arg, Lys, Asn and Ser are the most frequent residues
in H bonding interactions, and Arg, Lys, Asn and Gln have the
highest H bonding interaction propensities. The least preferred
residues in Treger and Weshtof’s analysis are Ala, He, Leu and
Val, while Cys, Val, Trp and Met are the least preferred resi-
dues in our analysis. The most favored pairs are A (Ile, Pro,
Ser), C (Leu), G (Asp, Gly) and U (Asn) in their study, while
the favored pairs are A (Arg, Lys, Ser), C (Arg, Lys, Ser), G
(Arg, Lys, Glu) and U (Arg, Lys, Asn) in ours. The atom
O2* is involved in 21% of H bonds in Treger and Weshtof’s
study, which is similar to 22% in our study. In Treger and
Weshtof’s study amino acids interact with nucleotides through
main chains (26%) and side chains (74%), whereas in our work
the corresponding ﬁgures are 26% and 74%. In van der Waals
contacts, interactions occur in main chains (22%) and side
chains (78%) in our study. Both Treger and Weshtof’s study
and our study showed that phosphate is preferred to ribose
and that backbone is preferred to base in H bonds and van
der Waals contacts.
Polar amino acids are the most interacting of all the amino
acids. They constitute 69% of H bonds and 65% of van der
Waals contacts in our study, and charged amino acids consti-
tute about 55% of H bonds and 51% of van der Waals con-
tacts. Charged amino acids contribute to 40% of interactions
in Treger and Weshtof’s study. Positively charged amino acids
are more interacting than negatively charged ones in both
studies. The interactions of hydrophobic amino acids are quite
frequent (22%) in their work, while they are negligible (5%) in
our work. Aliphatic and aromatic amino acids also form a
considerable number (13%) of interactions in our work, while
their interactions are not noted in their work. The diﬀerences
in interaction frequencies are due to diﬀerent deﬁnitions of
interaction. The sum of the percentages exceeds 100% in our
work, since the classiﬁcations of amino acids are not mutually
exclusive, i.e., the same amino acid can be assigned to more
than one group.
In summary, we have described the development of a web-
based program called PRI-Modeler, and an analysis of data
on the structure of protein–RNA complexes using the program
to identify interactions between proteins and RNAs. We haveanalyzed a most representative set of 45 protein–RNA com-
plexes and discovered several interaction patterns. PRI-Mod-
eler can extract information about the secondary structure
and tertiary structure of RNA and identify the interaction pat-
terns between proteins and RNAs. We believe that PRI-Mod-
eler will be helpful in research aimed at identifying the binding
sites in protein–RNA complexes.Acknowledgments: We thank Daeho Lim for the earlier work on PRI-
Modeler. This work was supported by INHAUNIVERSITY Research
Grant.Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.febslet.2007.03.085.References
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